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Research progress of blind cavity bolt tightening technology for
aeroengine rotors
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Abstract: The current research status of blind cavity bolt tightening technology for aircraft engine
rotors was summarized. Guided by the technical requirements for tightening bolts in rotor blind cavities,
three aspects were discussed: tightening process, tightening equipment, and tightening inspection. Firstly,
focusing on the two stages of rotor rabbet fit and bolt connection, optimized processes such as rabbet press-
fitting process, torque-rotation angle method, and multi-axis tightening method were summarized.
Secondly, focusing on equipment configuration design and accuracy control methods, research results such
as torque transmission methods of tightening equipment, mechanism deployment methods, overall
configuration development, as well as bolt positioning and tightening accuracy control methods were
summarized. Finally, focusing on bolt tightening inspection methods, current detection technologies for
tightening torque, rotation angle, and pre-tightening force were summarized. The research results indicate
that to fully overcome the limitations of the narrow space in rotor blind cavities and enhance rotor

assembly quality, the blind cavity bolt tightening technology will develop towards an integrated process of
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press-fitting, tightening, and measurement, intelligent robotic tightening, and multi-modal fusion

measurement.

Keywords: aeroengine rotor; blind cavity bolt; tightening process; tightening equipment;

tightening measurement
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Fig. 1 Rotor blind cavity structure and bolt tightening method
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Wang, BER AR BESE T OE ARG At B P AEAS
it m PR S REAMBI LR, B3 TA
[F) ik 2 F i e K2 7, A Rk F RS 2o & v
R T 53 A1 o 2R pRU) 3 axb g ST 445 6 T GO0 B
JUBLAY, FoR 1k G T A A R B, DA Ik a
2 fo TR %) 2 i 0 BB A /N A7 280y 422 ™
R SR R M IE E e R R e N e T
R L RIBE A A2 4

Fe T BRI R AL A, [ N Ah A
N — AT T A B Mg AN, o 38
JE SR DL R sh ALK B Al iz sh i) 5 5, TR
I a R rh PR AR SRR IR T, SRR )
Tk PG T Z 8] ] B, 45 T e I Y )
O BE DA BRI . I R Tl K271 Axim
oy w57 WS A w1 U BH R S LA oY
BRI TR OC I e e A, tNIEL 4 R, Bk T
AR I T N R B BB S, SRR
T A S5¥r B T A45G By e — L& ) &, 41 4n
JE 5 7 B PRAp I T]: DAt I e 5 T I R, G
IR [R] T AL EE T AR IR A Y AT, A R
b v DL R IR 4 B 58 W, A [R] R PR 57 s [ %
el 2 I T A ] S e H T 5 Y
22 ERIFEITZ
221 iR

UL R E R T By A I R A

[8]

20250177-4



FIRT A M R BHL T B IR T ORI T i

(©) AXimA R R A (d) PR SHLIFE T I e o
K4 ENSNER RS

Fig. 4 Press-fit equipment at home and abroad"*'”!

V5 T MR A | AR R A I 3k A0, R AR R AR
fEF R A o] R, A SR AL A5 2 T 2 BB
{ELR T 32 BE SRR R BOR,  BURAR 713K 0 RS AR
22, R 28 0 ] 3K B £25%~+30%!7 . HAth 5 ik
AT S e R A g B4 RS 2, AL IR T
A 2 G IV (8 2% 1 SR A v, i LA I 7
B R A e P I, 4 3R 2R AR
AN AT R T 07k . IR ik &
B B TS - A AR IR Y SR AR TR B B Y
AR, AN 5 R, ERRRT Rd iR, O
NS EAE A GRS T B BE, T2 S AR R g
15 B L PF RO A B BE . A R, IR AR T
B2 BE AR R ), o B SE A A ) R AR TP
BRI SR SRR T IR I A S AR TP
W B, P2 i MR A 4 B A, I MR TR A
S EEE R A 0

2GR AR BE X TCA BRE & AR I 2 K

w4

AT I

[ EE

5 TR
Fig. 5 Relationship of the preload and angle

LR 3, BEIE T 1A -He A X A m e
R, 8 G A, A5 Dk T AR B A R A
TS b o 22 K EOR TR Ak i 3 4%, Kl 6
IR o BREEREE BE XA RS HL S A B
MR T, R ML TR T O I N T R A MR AR T
T AT 507 %, Ohoe & BRI 5 0 A8, I ]
A FROT O BRI 1 7 ik AT Bk, i B A
TR AR LR IR ALY BT 5 o WA, K IE ™ £
XA 109 58 B TR I B AN R, DIPTSR A
RN, 8 A TR E T R A
LA K f AT 25

3200  —=— JIfEE
—e— JIME TR

3100 F
Z 3000 F
R
RS
= 2900

2800

2700 |

0 2 4 6 8 10

LY

6 JIHEIERU R A kiR g e e
Fig. 6 Experimental study on torque method and

torque-angle method"!

BT et i B ST B as, al DU IR
BT R T2 AR S A S LS 1 5 s IR A 1Y
R b il ad TR A, 37 R A, 3 R0
3755 T EZ BRS¢ SR AR 47 55 e 1Y
Tt o DISEAEBIY SApU s A LR e 13 e
124, A a7 B, #5587 BN 2
BELABCE B R 17 5 B 5 0 R, e RS H bR A
JE, 58 BURARST B o X ARSI AT BN A 2 AbAE

L7 A SR Y
Fig. 7 Application of torque angle method!

24)

20250177-5



IR DA

a2

TR AL RS 52 BR T B e s 1], R e 1
7 S AT B, A5 A i 1 R A AR i i
MU 1 SR T 422 4 il A o o 1) 10 R % £, TE RS TRIRG
B E TG — Tt
222 ZhhITEE

T 28 Z AT+ B 0 e R T, 5t
Fr B IR AR T B ) R/ NS T R T R AR B 4 B
KA Z WA, X R ZRR S A BAE L,
& 8 R o SR AH AR FH 2 i RS R 51 33 K
AEAE 53 IR 1) 2 i 2

O 14
1_ } KI.Z F
~ 24
4 K, -~ -\: v 0y
E
1
K4 - K, .,
Kz.4 { ]
F, i K -
5 <) F;,;E K;;
-1 A
¢ K44 T /634
( g K,
T K}

8 B s MEAN AR R A

Fig. 8 Schematic diagram of bolt elastic interaction

1R GE AWT 5T 7 1k J2 B HE T Bl 47 Sk, 3d
A ARAFT BT, 37 R R T LS8, IR
S AR B A P AR 2 202, (E B T LR A 5

AAEAE P L7586 0 A R Rl 47 5K . R,

32 FRT 2 HT A B S, XA MRS, B
IR Z T O3 A 0] 22 B[R] 2247 5K 0 07 1 R e, OF
LA UAL T S, A R0/ T R4 15K 0 Y
Y HCPER S FVETCO B A A e Sl LA e T 48 -
R A A IR 47 5K, Gl A FROT Oy ELAY 7 A
FE T XU [R) A0 47 B 45 5 0 f 47 U 9 T 200 ik
7%, AR EC ST A 7 SR L Y 4T B A 5 ik
A DUA R R A TR D 04— Bk, i 9 B .

22T B T3 1 IO B X A T A A 4
ZRh Rz g, AR PN S T 2R A TR
AR P S o Fo i TR 5 B ATLAS S5 2
22w Trend £ 3K K ShHLEETT T BUH R A7 5 Y
sl ds 3 T E, R e AU 258 ik A 1 51 47

b, Ak 10 FroR . BT AR A2 220 180°,

A AT B T, ST U [R] 25 %) f 47 BR T
ZITH, P T IRRE TR I B — Bk AR TR

51000
—e— BRI F AT
—o— HUIIT T R
—A— KUY 47 5
50000 -

I FIN

49000

48000 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 8 9 1011
R AR

B9 Zhhdy RO H M EE R

Fig. 9 Multi-axis tightening simulation analysis results”!

T B
(MR 2180°)

K10 SR BB R

Fig. 10 Research on multi-axis tightening equipment’®?

PR o BRIMTIZAT B UL A H 357 o I Y
ey ia), I AE TR T A IR R . T
Z AT BT IR A IS A P R R, 38 5 B
ARILE ) [1E-9E SEE Fil - I o 8

3 BEBRITRE

X s SR P B A RIS, 2 URS T S K
FIPATIE T B T 200 HbR . — 5 1, 7288 i
|- 5 S /N A ) A Bl 56 B A%
o, HLAY S T AR R A, (R A e R A o R v i e 4
BT R A o R E ORI TR 2K )
—J7 I, FERRAERG B L B ELAT R 1 R RS B
Rl A B, (RUEIR A by BHRE M MER ST . I
W, DA 5 R TR RIDHE J3E 5 i) 19 5 T X S MR AR 4
SRR T B
3.1 IFREFHWE
3.1 JisfEiE A

M, 5 A IR R dr B A 4 B
i Ir =X, o i e ket 3 . B . )
DL R 1 AR S (IR 11(a) ~ & 11(d) ) . FHerp,
T sl A 450 B L3l P ha . kEne
TR AG SRR = SE A5, B )12 7R I I8

20250177-6



513

IRT A Wiz RS T 5 I AR i B HOR BT 5T ik

AT B A AT b TR L S E e
312 3 R 4 i R« 3 A A 3 A AT R B 0
Fe L, 3 o 1A B AL SR g AR 1 B R
THTE R R o AT BB R AT R
(4 5, B AN eI IR, 5 b A 3 ik 4 i
B AT AR 18 A, T B A, ST
BREETC A, IR BT AR AR b R R A A
R AL shZE R anIA 11Ce) B 7R B, 3 Ff 47 56 4% Bl 45
Fa 3 T IR 7 R RN T, IR R
JIFERORS, R A5 TR A L, 2 5 th 3
TER IR AT T K AL B B, S B0 FELAL 1
K2 Z B . B XA L, VL BHAT 2 ALK
REFI AR IERE B Bt T 1106 PR 45 .
X TP A AL JEAE R 11(e) BT 7 I B A Bl L, 7E47
BB RSN — R, JF 7 7 5 1 7 ] g
JT NS, 3 o 47 o ROTCES 4 15 47 35 e
A, DU 8 A B AR[E RE , NI A T B 5 4T R

BS54RS — A CrIB AR, il i R AR R B X
SERMUIRART B . B AR TR R A B oA
B A0 B E, A EE T T AR T AR AR £ 1R
AT o XA A B R RS fE AR,
AN 52 MR B 4 B Pl B B, 5 B2 R 8, A RE
SEIRIE T B, NI AE 7 B ACR B B R Tk 4
it Jra, HeAh, KT RS 1 P0G A0
A BETF T AL Sl RS 1)1 A% S i S5 R IE SO0 T
PRI . X IR A A T AL
12 BE B B A BE, O LK A S 1) ) AR
B (151 11(g) ) 87 17 48 (8 11(h) ) 15 3 B 47 5%
AT, DRI R AR 17 DR T o6 2 38 B s A 1A 48 A% s id
it PR B 4 A5 DN 2R A R i T R O, AT A — S
RePE R T AL AT BE . PSS SRR AL
U, 571 EEA A H, 525 s TR RN, R
T TR 1) 2 7 P R A 477 S I, i 4% s 475 SR A7
TE I JEE A 2 1 )

Fig. 11  Torque transmission method"

K U RTH IR 7 A R A AL 38 7 X e

3.1.2

B AEEEUNER 1R

I ZHU R I K

F B SCRTRL, AN RS 1 A AR RN

R1 TRNEEEAXER

Table 1 Comparison of different torque transfer methods

WAF:EUioy i VW) B G WA
wWifesh  ATEECRE RIERAE NIRRT R
BREE) SRS FPRACRIT RO
Bfesh @R RIBERE NIRRT R

TR Rk R 4SS ROTEIBRTER

;é [ < [ €
&
i
L
¥
Ji
B
= ! \_I_I_G}DJ . c
(a) Vet Jy (b) BARALIL Ty (c) Al L Jy (d) J7 i fE ik Iy
3 PoReS) = A
i £ o
| |
Bl | S B
(e) VAL BHLA (O BRI I HENL (g) #AlLZhHILM (h) T LS
B 11 FfG s )y w0

33-36]

AL, oy toxd & AR B9 JEIT S R 0. I,
AR5 1 A0 FE I /N, X7 AL Y T T 5
AT A

Xt T /NEEAR LU e T E W DL B R T 45 A
TR AE R R AT A5 1, AT AR, 1A A
(WL IE 12(a) ~ & 12(c) ) o S ke AT R IT X451
HAE 3 R R A, AT S BT AL TR
RS E BT N RIE R ITIZ SRS L, 5 247
oG X W B W R N RS B2 K TR 12(e) S bt
P 25 U R R 2 1 2 /D i SO AT A ) 4 e A o
W93 58 W A RETT 4l b, FUI RS BE Ik B 6 9. AT

20250177-7



IR DA

a2

UG5 H AT LR 7 B8 Ay S o3 B, 7EE ARG 1
PRI, 35 B 55 47 SN T L, S T L/
1 SR B0 A 1) A KR, Fp 4y B B B B AT IR
1 T A Y- T I, 38 2o AT 25 s Bl R 4T R R
TF2) 547 B fARAS, W E N Ik xR

B R 03 T4l ) A BN T A 1], 42
fo U AT ALK B4 AT IR, TR L T e M
anE 1206) Bros B, 1 HLAE K HAT G2 3R e B0
P, B EEAAS By 22 5 48— RE I 23 W), X T 2]
1o BER/INI S TS R JCEETE T, anfaT 12(g) IRt

T

e

a:l: It

oo Al

W st ! | i

7N R :
() WAAEIRFT ALY () FEFFHLFG

B | s

I R4 & — e
o L ' btz s —— (oo
s L N

M i (b) JEFFEF (©) IHURIF

Wikt
(h) NI

() WHLHLKY

FE 12 JRFFEH R R ECS 35
Fig. 12 Unfolding structure diagram®**’!

Xt REAR W E B2, 47 B0 T
FEHRAT R B IF A RE SIS FR 37 I8 07 B, 76 24 7]
BT, AR TR R AE s 4, Bt B R
Ui S, 58 B R FE, nlEl 12(d) fiR,
R R A SR A 1 BT SR S S Ak 1 A
MY PG, I BR sh 1 e A B, SE B B AT
S BRI 50 o XSS TE K T 37 5
B 11 JE TF A B, AT TG 2 T 7 R AR L2540
7 B BB FEH7 2 AR A (T 3A VE . 7E i AR
T BLAE 0AE  U5 50 1038 3h, (3 ML AR i 3 3k
TR IBRE A7 8 o & 12(h) b 3 ) 2 ik 3 2 =
il i 3 T 15 2 4% 3h R T B B I M2 AR 47 ML L,

W R 4 AL J Iy = A B A 45 n
F2 PR

F2 AEFFENERFARILR
Table 2 Comparison of deployment methods for different

tightening mechanisms

TETF A T e TS
it fearpr LR MR
whan  wiogs wmme L
WHLH RS sfaEk LR

3.1.3 7R R Y

H IR B R RE I T 4 BB,
F A P R ) ) T R AR T ad o T sh R 0 07 Ay
SR . BT AR T AR BB AR A,
A0 T ) R AR AT O, B L eI
Bk, W TR T E IR S XA T T R
ROCR AT FORT BEARAG, HE LA 2 5 I R A 47 R
ko AR TFIHT R, 5 2 R BT B A N
1A, 2F H ST B AR BN A . AR
TR ) % A AT i A W BT R 47 SR A, A
17 BRCR A T BORS BE AR LTl S i 07 A B
Tt ik — LR THT R0 A S KR, 5
3BrBLRL A s S, BT T R A AR A 3h
A7 B A BT RN o O LAY A L A
ZEMUR R 2B A S R AR 47 B A 1Y
552, 3 BrBerdr BAE S B AR G T Y
RERA R, AR BLATY S 5 e 1 I A RO 3
THIYST AL, IF 2 T 37 B S B 5 1Y
Pt A AL B RO S TE O R A, JF H
RAEVE, YR ZE, FUE T — RS B S
Ko

TE G HT Tk 4.0 (K RS, Hlas AR
PAF T RKE R, M Tl pLas AU N T Hf%
G T2 B A EAT 2 THE A FOR B BOR B
55 4 B Be LA FHAE O R, WESE TR T LG A4

20250177-8



513

IRT A Wiz RS T 5 I AR i B HOR BT 5T ik

SRR XAl I U O B AT T
IR il AL as Al gy ML B B 5 7 IR A
B, TR AL 147 50 A R AR R L, JF BN 2
BR T AN [ B 5 e 5 9 RS, 3 147 B B R
R AE I o SR, 3 ARk R 2R T I 4 Bk AR T
TE R P/ NS 6] P 37 SR (1 i s 4l o 7R AR
BRI 58 55 7 NEER B U 1~2 mm,
s 2AT BB 18 S A TR ERE R, R R A
JETUAHUBUET B AR LA, B 285 T 00 T A6 S5 ik s
W 7 3o R, DA R Ay B e o X AR i 248 A5oH TR R I
PEAR IR T AR 2R AT, PR AR R

LR R A M, LU AEE 9 MTU 28 ®lE A
XRERY T St B H AT AR R R B BE, 4
RIGENZIH . AR ATEEE Tl 4.0 BHAUHY B
WA, AR N TR RESF R,
T8 R T RO 2R A s AL o7 ~] B9 H & LA A
18 B R T T, LR R AL B
AR ARG SEIE TS R EAL L B AR
AT I T WL &R 3T B BRI ABETE, $ e 2
THLER AT B 2R A B e 5 15 i b AR Al
FEVE Rl 7 IR AR T SR A AT R R
i 13 P .

-

A T

SENAE

‘ WrEsd |
TP 5] @

FrEgs

B2

BB

»

LA

K13 BT SR s R
Fig. 13 Development trend of bolt tightening equipment for blind cavity
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Fig. 16 Schematic diagram of calibration method
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Table 3 Summary of torque measurement methods
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Table 4 Main research directions of non-contact torque sensors
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Fig. 18 Angle measurement method based on image vision'
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Table 5 Summary of advanced measurement methods for bolt preload

T % T IS A

bl PPN TERRAE 2B A I A S s
Js A g T HUKE TERGEAEAF R R R L

e L A 0 o7 A% - B BRSO TERRAE N TR 220 MEMS A2 8 R R T 225 i BELR A% J
JCEF A e JCET AR A ST TESRRE B, SRR IR AR FBG &I &%

20250177-14



513

IRT A Wiz RS T 5 I AR i B HOR BT 5T ik

PR PCHEH
/

v
EaN

\ T8 #71'(_‘-9;‘

(c) P R AR T )

P20 A 3 0 T

Fig. 20  Application of ultrasonic measurement method!

PR G R ANE L PTTE S REAK . il
i RGEY R B S 2 WIS L, %2R
A1 TR AT B B A I B R A 1 R L Y
PRBUSG PR RENR S, HE Sl 2 & sl HLIR A £ S A DU
Ti) “ 0 22 A 107 s 4 R R M 5 e

5 REERE

50 B &

ARSCOHT T Wi KNP T B I IR R
HORTER, S H RS R T2 5EBRer
B A& U BT BRI B R S, BAE TR
JE MRS 37 B AR AT T BEAR

1) 4, [ A A B TR 110 1k AR A B B
R+ BB By mll 04T 1 L 2ARA 9T, 42
TR IR AL R 2T B E T L0k
SR, BT H A R RRE, I 8 T 2R S
PHAT 2B £ RS D 452 AR 585 AN W] 43, SAUET RIS I 7 T
MR RS R T A5 A S R AR, )

R, 20T B0 R E R R T X AT I,

FI R B0 A R 1 5 M v A5 21 52 P (4 07 T 9623
2) BB R B R LT T
Gy T2 347 B 4 B R TALAR AT B 5
KB, Ak, R AR . W H
PNz ], AL A A S PRAT AL 1) ) 4R 1 136 45 4
FIRETT 45 Y BETH B LU B . SR, 7R A2 2k
AN T 2 [ R 47 R A ) ST LA AN S 2 s
TS T N BE L A i, e R 2 A ¥ s 3
A R B P B2 A, ol MR X SRS R R AT it

70]

— RIS

3) X R T AR, 25 AT AT
I AR AR SR T T ARSI B AR T BT 5T
A e foh X R A A ) 00 T O R R,
H3Z FRTH /N=s 6], R BB HITE B I 18 44 47
SR v T PGB 0 e R N 7 vk R
T 28 TR ROSY BR A, {ELIN ok 4T3 52 B D e A5 5
Wi, i T 2t — AT A VR 5k B
TEJT W25 1] ) 3~ WA 322 4 v A 2 1 Y, (LR
FHZEA AT RE ZE M 5 T 22 1) By BR 1
50 B 2

BT AT R AT BRI AT BUIR, e
AR T R

1) Jee-f7 5 - — A B s O E e . 42
B RH EL M 57 A e 2 | 47 5% DA R i A R —
ANFRGET, IR IX 3 A T B G ol i 22 M 3R Y
B PO AR o N, T TR A AL, Tl
ShALAKS] 1k TR AR A 75K, AT LASE B R -4
SRR PR AR R i 2 A e I e AR
o R 2 -4 B B A R, AT S B — AR A R
[l s, A LAE — 2 IR A 47 5 o i Y PR 45 b 2
THENT 2 Ty AR v 09 J2 17, f 45 SR 47 K0
TS 7 00 B R S AR AR, AR S R AT 4 R
TS M AT AR ME R A5 & PERIE, JF #EAT %40
oA, T e LAY 2 -39 R T Z 28U &, AT
PETH 72 BB A

2) MLAR NG BL R 37 B AL o . X A%
Jo ey R BE AT RHIEA T IR AR SY, LI AR Y 47 B AL

20250177-15



IR DA

a2

AL RN TSR S N YT /8 = 4 1 = R
AR A B AL B 5 B RS E s B AL AR
Uiy AT AR ALY, W e 2R R SIS TR
J R 4 B R, R v B A Y E M R A
RS R 7 8 o 4 ST 4 o B0k, 3 AN [
37 BAT 55 T R, S A 9T e o A7 4 i %)
B, B PR FL AL A8 A A 52 2% T AR R85 v 1) = kG
FEAE L ; 45 G ot A% 300k 45 4 JR A A B vk i i 3h %
FHEAT AL, B AL B B B ROR e e

3) - firk 22 MRS A B TE R B R AR
3 30 AS [ A7 5 AN [ S 70 114 £ S Bl A 7
VRl Ar, AR R IR A2 U8 Dk 55 DL A T 2 45 R
e BE LA ik, R B B AU B, Bl A
AR A B, R R HIR S W AR AR S B X
RS T SRS W SERT RN . AF5E MEMS 5 FBG
Fill A 0 SRR AL B R 48, LA/ Es [A) RS, %R
e E WA /Nas (Rl BRI . P Ak 75 90 5 0 T o i
2, BETTAE L B 4 Bh T8, DRI AR AE B I v 0% )
FHZEA, 58 BUBRAS TS T i AE Sl £t

S E K

(1] UEAS, Do 2. o= R i R S ML 5 Bt (M. Jb &t
Bh2£ i RRAE, 2021
Hong Jie, Ma Yanhong. Structure and design of aircraft gas tur-
bine engine[M]. Beijing: Science Press, 2021. (in Chinese)

[2] B, EACR, B B, 55 5 R T 2 45 1) 2 fih ) B

A5 07 FH A6 35 [9]. 25 3 1 241, 2022, 37(1): 76-86.
Zhao Guang, Wang Yongquan, Zhao Xiangyang, et al. Modeling
and application test of contact stiffness of bolt connection structure
of disk and drum[J]. Journal of Aerospace Power, 2022, 37(1): 76-
86. (in Chinese)

[3] Zfegh, BRA, TP/, 55, 1k 1Bk % 45 45 hg JE 4Rk M i

ML 7 M K B8 07 FLLI) i =3 30 0 2% 4, 2021, 36(2): 358-
368.
Li Lunxu, Chen Guo, Yu Pingchao, et al. Nonlinear stiffness
mechanism analysis and numerical simulation of rabbet-bolted con-
nection structure[J]. Journal of Aerospace Power, 2021, 36(2): 358-
368. (in Chinese)

[4] EIFF, EI, 20 A8, 55 AW 80 T 800 22 7 B 4

A 2 e W0 B2 B2 o PR3 []. A 2 B 0 24 4, 2021, 36(12): 2503-
2514.
Wang Kaiping, Yan Ming, Sun Zigiang, et al. Influence factors of
nonlinear stiffness of bolted flange connection structure under dif-
ferent loads[J]. Journal of Aerospace Power, 2021, 36(12): 2503-
2514. (in Chinese)

[5] L, Ty in, o5 s i, 26w 0 7 6 4 445 ) T 40 2K %
R B R (7). Jb BT S ALK R 27 27 41, 2019, 45(1): 18-25.
Hong Jie, Xu Xiru, Su Zhimin, et al. Joint stiffness loss and vibra-
tion characteristics of high-speed rotor[J]. Journal of Beijing Uni-
versity of Aeronautics and Astronautics, 2019, 45(1): 18-25. (in
Chinese)

[6] Sun Wei, Li Tao, Yang Dongjian, et al. Dynamic investigation of

[7]

(8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

20250177-16

aeroengine high pressure rotor system considering assembly char-
acteristics of bolted joints[J]. Engineering Failure Analysis, 2020,
112: 104510.

sk, ARHE, R, S0 Rk Sh HL T S I 24 A R
S JE B[] A = i R 2019, 62(15): 14-21.

Zhang Yu, Li Lin, Chen Jin, et al. Research current status and
prospect on aero-engine assembly process technology[J]. Aeronau-
tical Manufacturing Technology, 2019, 62(15): 14-21. (in Chinese)
205, ) SO, S PR T R T D X Al i 4
e SR THD U RS R R W [J]. A0S S 4R, 2024, 45(24): 230402
Hong Zhiliang, Li Yu, He Wenbo, et al. Influence of bolt preload

ek,

on slip characteristics at discontinuous rotor interfaces under ther-
mal load[J]. Acta Aeronautica et Astronautica Sinica, 2024, 45(24):
230402. (in Chinese)

SRR UK B T IR - R D E R R I A AT R T
PP E ST [D]. K% R B TR %, 2022,

Guo Gangyi. Analysis of uniformity and process control of bolt
rabbet connection interface in aero engine rotors [D]. Dalian:
Dalian University of Technology, 2022. (in Chinese)

Wang Xingyuan, Lou Zhifeng, Wang Xiaodong, et al. Prediction
of stress distribution in press-fit process of interference fit with a
new theoretical model[J]. Proceedings of the Institution of Mechan-
ical Engineers, Part C: Journal of Mechanical Engineering Sci-
ence, 2019, 233(8): 2834-2846.

QR4 I, o 57 IE 8 RO A T O LS SRR AT S (D).
WL Tl K224z, 2016, 44(4): 355-358.

Liang Lihua, Xie Dan, Jiang Lizheng. Simulationand experimental
study on interference fit of tube[J]. Journal of Zhejiang University
of Technology, 2016, 44(4): 355-358. (in Chinese)

7 R R T Tl 1 9B AY % T 2R IC U7 15 BF 9T (D). M R U
MR IE Dol KA, 2018

Li Zelin. Research on rotor assembly method based on axial com-
pression[D]. Harbin: Harbin Institute of Technology, 2018. (in Chi-
nese)

/NS s & BT HLEE F IR D IR R R B T A BFSE [D]. K
i R FE TR 4, 2020.

Li Xiaodong. Research on assembly process of aeroengine rotor
rabbet-bolt joint structure[D]. Dalian: Dalian University of Tech-
nology, 2020. (in Chinese)

Papastathis T, Ryll M, Bone S, et al. Development of a reconfig-
urable fixture for the automated assembly and disassembly of high
pressure rotors for rolls-Royce aero engines[C]//Precision Assem-
bly Technologies and Systems. Berlin, Heidelberg: Springer, 2010:
283-289.

E, R, EHEA, 55— Bhie 7 00 T 5 3 BB 5 M7
7% : CN201410513724.6[P]. 2015-03-25.

Duffey T A. Optimal bolt preload for dynamic loading[J]. Interna-
tional Journal of Mechanical Sciences, 1993, 35(3/4): 257-265.
Bickford J H, Oliver M. Introduction to the design and behavior of
bolted joints[M]. 5th Ed. Boca Raton: CRC Press, 2022.

Sharma S, Chapman I. Choosing the optimum fastening system:
Selecting the best tightening system for a bolted joint requires close
attention to the factors that contribute to the overall quality and
durability of the final assembly[J]. Bosque, 2013, 34(3): 291-302
FJL—, A, Sk, 45 B S0AS RS A A R T B R
BPESr M ] TAER A 5 HOR, 2022, 54(3): 220-229.

Li Jiuyi, Zhou Fengjun, Zhang Ao, et al. Accurate finite element
modeling and validity analysis of thread structure[J]. Advanced En-
gineering Sciences, 2022, 54(3): 220-229. (in Chinese)


https://doi.org/10.13224/j.cnki.jasp.20210065
https://doi.org/10.13224/j.cnki.jasp.20210065
https://doi.org/10.13224/j.cnki.jasp.2021.02.014
https://doi.org/10.13224/j.cnki.jasp.2021.02.014
https://doi.org/10.13224/j.cnki.jasp.20200539
https://doi.org/10.13224/j.cnki.jasp.20200539
https://doi.org/10.13700/j.bh.1001-5965.2018.0222
https://doi.org/10.13700/j.bh.1001-5965.2018.0222
https://doi.org/10.13700/j.bh.1001-5965.2018.0222
https://doi.org/10.13700/j.bh.1001-5965.2018.0222
https://doi.org/10.1016/j.engfailanal.2020.104510
https://doi.org/10.16080/j.issn1671-833x.2019.15.014
https://doi.org/10.16080/j.issn1671-833x.2019.15.014
https://doi.org/10.16080/j.issn1671-833x.2019.15.014
https://doi.org/10.7527/S1000-6893.2024.30402
https://doi.org/10.7527/S1000-6893.2024.30402
https://doi.org/10.1177/0954406218799783
https://doi.org/10.1177/0954406218799783
https://doi.org/10.1177/0954406218799783
https://doi.org/10.1177/0954406218799783
https://doi.org/10.1177/0954406218799783
https://doi.org/10.1177/0954406218799783
https://doi.org/10.1177/0954406218799783
https://doi.org/10.3969/j.issn.1006-4303.2016.04.001
https://doi.org/10.3969/j.issn.1006-4303.2016.04.001
https://doi.org/10.3969/j.issn.1006-4303.2016.04.001
https://doi.org/10.1016/0020-7403(93)90080-e
https://doi.org/10.1016/0020-7403(93)90080-e
https://doi.org/10.15961/j.jsuese.202100256
https://doi.org/10.15961/j.jsuese.202100256
https://doi.org/10.15961/j.jsuese.202100256
https://doi.org/10.15961/j.jsuese.202100256

513

IRT A Wiz RS T 5 I AR i B HOR BT 5T ik

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

(31]

[32]

AR IE B, BRI B T BB B W B AR e 1 1 5 A A iR
LA 5 0 TS (0] S AL BEIT 5 1 3, 2005, 11(2): 40-43.
Zhu Zhengde, Lin Hu. Comparison and application research based
on torque method and torque/rotation angle method in bolt assem-
bly technology[J]. Design and Manufacture of Diesel Engine,
2005, 11(2): 40-43. (in Chinese)

ZR/INGR, RN, R — L, S B A & LA R
e T 4 U ) B R (). HLAR AR 22 412, 2020, 56(13): 231-
241.

Li Xiaogiang, Meng Qingkuo, Du Yifan, et al. Influence of tight-
ening strategy on pre-tightening force of aero-engine single-bolt
connection[J]. Journal of Mechanical Engineering, 2020, 56(13):
231-241. (in Chinese)

W, X B, SRR, A5 B 3 NI A 7 JE A0 A B AR TR AT
BT LA BLARBET 5 5k, 2024(10): 43-47, 52.

Chen Jin, Liu Zenghui, Zhou Shuo, et al. Tightening technology
analysis of torque-angle method with adaptive sung torque[J]. Ma-
chinery Design & Manufacture, 2024(10): 43-47, 52. (in Chinese)
kTR U I T R b % 5 4 TSR RS B 4% ) BF 5T [D].
Kt KT K2, 2018.

Zhang Bochao. Research on precise control of pre-tightening force
of axle-disk connection of aeronautical low-pressure turbine[D].
Dalian: Dalian University of Technology, 2018. (in Chinese)
NG, B, kAL, L Rk S PLa Rl ) - i
He vk I AR 86 9], 900 2 5 HER, 2019, 62(9): 76-79+93.

Sun Guiqing, Zhao Zhe, Yang Fali, et al. Application test of torque-
angle connection method for a certain engine shaft[J]. Aviation
Manufacturing Technology, 2019, 62(9): 76-79, 93. (in Chinese)
Bibel G D, Ezell R M. An improved flange bolt-up procedure us-
ing experimentally determined elastic interaction coefficients[J].
Journal of Pressure Vessel Technology, 1992, 114(4): 439-443.
Abasolo M, Aguirrebeitia J, Avilés R, et al. Methodology for the
optimization of bolting sequences for wind generator flanges[J].
Journal of Pressure Vessel Technology, 2014, 136(6): 061202.

Zhu Linbo, Bouzid A H, Hong Jun. Analytical evaluation of elas-
tic interaction in bolted flange joints[J]. International Journal of
Pressure Vessels and Piping, 2018, 165: 176-184.

Hou B, Sun Y, Zhang W. The properties of bolted joint assembly
with contact stiffness[J]. International Journal of Smart Engineer-
ing, 2018, 2(3): 325-342.

Yu Dongmei, Guo Qingding, Hu Qing. Synchronized control of
dual linear motors position servo system based on fuzzy self-learn-
ing compensation[C]//First International Conference on Innovative
Computing, Information and Control - Volume I. Piscataway, US:
IEEE, 2006: 454-458.

VBT AT 169 s ot 4 MR 2 T 7 4 A AL B R AR A R
[D]. K% : K T K2, 2017,

Sun Xin. The distribution mechanism on preload of bolt group and
modal characteristics of low pressure turbine shaft and disc[D].
Dalian: Dalian University of Technology, 2017. (in Chinese)

Zhr. Z WIR SR 4T B R G AR [D] AR KRR
R4, 2020

Li Qi. Research on multi-axis thread tightening control system[D].
Taiyuan: Taiyuan University of Science and Technology, 2020. (in
Chinese)

INE T T U ) RO A R e T R A ST R R GE T
FE[D]. K : K% B T K, 2023.

Sun Zeyu. Research on automatic tightening system of aeroengine

rotor based on preload feedback[D]. Dalian: Dalian University of

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

[50]

(51]

20250177-17

Technology, 2023. (in Chinese)

ZEHE, sk, AR, L — R R REHGT B E L T R
45 : CN201410512757.9[P]. 2017-05-17.

e, BT, AT, A — RIS R AR IR T AT B
£ : CN 114986137 A [P]. 2022-09-02.

IME R, B B, R, A5 — RISk S WL P o R B A
By B0 I 7 B CN201910827563.0[P]. 2019-12-13.
INE R, I, B, 55— R A R S BL o R RE T 1)
18 5 3Py B0 K )7 B CN201910828095.9[P]. 2019-11-26.
MO, BRI, R, A — RS B R R A B B A
% £ : CN202211661097.1[P]. 2023-05-16.

2R/, 5 RS, TROK A — RS R S LR SN T A
W2RE [ BT 5Ok 795 0 CN202011458586.8[P). 2021-04-02.
Marposs. Aerospace industry-MRO, and equipment- Marposs[EB/
OL]. (2014-07-01) [2025-04-07] https://www.marposs.com/chi/ap-
plication/aerospace-industry-mro-and-tooling.

ZE/NGR, SR GRTL, FR UG, AF L — I 1) K A AR L AL A ]
I8y B %6 B K )7 15 - CN202310378689.0[P]. 2023-06-30.
WRMRAL, VE R L, 2R3k, 45 IR BL 4y B0 E : CN108237393B([P].
2019-08-27.

CHEN Dongquan, WANG Junxi, LI Lin, etc Nut tightening device:
CN108237393B[P]. 2019-08-27. (in Chinese)

Ahmad Malik A. Digital twin based development of mobile robot
assistant in wind turbines manufacturing[C]//ASME 2023 Interna-
tional Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, New York, US:
ASME, 2023, 87295: V002T02A014.

Bl s R S HUIR AR [ S LA S ) R st
[D]. : P BH - 2k B 25 AT R K57, 2018.

Wei Qiye, Design of structure and control system for automatic
tightening machine of aeroengine bolts[D]. Shenyang: Shenyang
Aerospace University, 2018. (in Chinese)

e R, BRE, WRED, A A K S B i R R
T B4 E KAy B 5 % CN201810681084.8[P]. 2021-08-17.
MTU Aeroreport. How robots help screw together compressor ro-
tors[EB/OL]. (2014-07-01) [2025-04-05]. https://aeroreport.de/en/
innovation/how-robots-help-screw-together-compressor-rotors.
Guerra-Zubiaga D A, Colani M, Richards G, et al. A novel digital
twin model to support intelligent robotic manufacturing system ac-
cording to industry 4.0 trends[C]//ASME 2024 International Me-
chanical Engineering Congress and Exposition. New York, US:
ASME, 2024, 88605: V002T03A077.

Zhou Qi, Wu Jin, Li Boyan, et al. Adaptive robot motion planning
for smart manufacturing based on digital twin and Bayesian opti-
mization-enhanced reinforcement learning[J]. Journal of Manufac-
turing Science and Engineering, 2025, 147(5): 051009.

Alham R, Hammadi M. Developing a digital twin framework for
monitoring the trajectory of the URIO0 robot using an extended
Kalman filter[C]//2023 6th International Conference on Robotics,
Control and Automation Engineering. Piscataway, US: IEEE, 2023:
86-91.

Ren Junru, Nalpantidis L, Andersen N A, et al. Building digital
twin of mobile robotics testbed using centralized localization sys-
tem[C]//2023 11th International Conference on Control, Mecha-
tronics and Automation. Piscataway, US: IEEE, 2023: 139-145.
TR, RCPHER, 35 W] 4. 47 B %€ B - CN117655967A[P]. 2024-
03-08.

TR, RN, W RN, G5 AU R SIHLE IR R RS R 4
BR[I] EHL S LR 72 4R, 2026, 52(1): 260-274.


https://doi.org/10.3969/j.issn.1671-0614.2005.02.011
https://doi.org/10.3969/j.issn.1671-0614.2005.02.011
https://doi.org/10.3901/JME.2020.13.231
https://doi.org/10.3901/JME.2020.13.231
https://doi.org/10.3969/j.issn.1001-3997.2024.10.008
https://doi.org/10.3969/j.issn.1001-3997.2024.10.008
https://doi.org/10.3969/j.issn.1001-3997.2024.10.008
https://doi.org/10.1115/1.2929252
https://doi.org/10.1115/1.4027597
https://doi.org/10.1016/j.ijpvp.2018.06.012
https://doi.org/10.1016/j.ijpvp.2018.06.012
https://doi.org/10.1115/1.4067616
https://doi.org/10.1115/1.4067616
https://doi.org/10.1115/1.4067616
https://doi.org/10.13700/j.bh.1001-5965.2023.0739

IR DA

a2

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

Zhang Zongjiang, Li Xiaoqgiang, Han Yujie, et al. Precision tight-
ening technology for aeroengine blind cavity nuts[J]. Journal of
Beijing University of Aeronautics and Astronautics, 2026, 52(1):
260-274. (in Chinese)

VLB, BR, . 00 N RV 8 4% 3 5 L gl ik 2
A3 5 6 (0], B HUAE TR, 2023, 34(18): 2143-2152.

Xu Lixin, Xia Chen, Yang Bo. Analysis and test on dynamic trans-
mission errors of RV reducers under load conditions[J]. China Me-
chanical Engineering, 2023, 34(18): 2143-2152. (in Chinese)
R, TE e, J7 4, SF . —Bh T 2 R S B0 I R
AL IR BE 3% 1) 20 M7 05 15 (0], MLARAL B, 2021, 45(3): 19-24.
Zhao Linna, Wang Long, Fang Jin, et al. An inverse analysis
method of transmission accuracy of harmonic reducer based on
multi-factor coupling[J]. Journal of Mechanical Transmission, 2021,
45(3): 19-24. (in Chinese)

5] A M, 2022, 43(10): 527484,

Zhao Gang, Li Jinyue, Xu Maocheng, et al. Research status and
prospect of key aero-engine assembly technology[J]. Acta Aeronau-
tica et Astronautica Sinica, 2022, 43(10): 527484. (in Chinese)

il At % . MR B0y 5K Ty A 4R B R B SE (D] AN - #ET R A,
2019.

Lu Jianliang. Research on screw thread tightening torque control
technology[D]. Hangzhou: Zhejiang University, 2019. (in Chinese)
W A B 7 o) 45 P A1 R A TR T B B S R I R S B Y
[D]. B o E 3 F oK 2%, 2023.

Chen Jiawei. Research of calibration and detection system for per-
formance of steering wheel angle torque sensor[D]. Hangzhou: Chi-
na University of Metrology, 2023. (in Chinese)

ARG, T, bR, S Al S 2R e L R U AR (D],
AL R 2010, 33(6): 8-12.

Wang Dengquan, Yang Ming, Ye Lin, et al. Study of non-contact
torque measurement of rotating shaft[J]. Electronic Measurement
Technology, 2010, 33(6): 8-12. (in Chinese)

B WA T B G AL BRI B A T A R IR AR A B
I 77 W BF 5L (D). AR : P g 3¢ 3 K2, 2021.

Lyu Mingda. Study on bridge connecting bolt loosening detection
method based on image processing and deep learning[D]. Chengdu:
Southwest Jiaotong University, 2021. (in Chinese

I =S A 5 N b N O 2 SR8 R B
LR OB HR 2 224 (1 SR BE 22 ), 2021, 53(4): 611-616.
Cheng Cheng, Lei Yu. Application of radio frequency identifica-
tion technology in civil engineering[J]. Journal of Xi’an University
of Architecture & Technology (Natural Science Edition), 2021,
53(4): 611-616. (in Chinese)

Wu Jian, Cui Xingmei, Xu Yunpeng. A novel RFID-based sensing

method for low-cost bolt loosening monitoring[J]. Sensors, 2016,

(61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

20250177-18

16(2): 168.

Wang Tao, Song Gangbing, Liu Shaopeng, et al. Review of bolted
connection monitoring[J]. International Journal of Distributed Sen-
sor Networks, 2013, 9(12): 871213.

Nikravesh S M Y, Goudarzi M. A review paper on looseness detec-
tion methods in bolted structures[J]. Latin American Journal of
Solids and Structures, 2017, 14(12): 2153-2176.

Chen Dongdong, Huo Linsheng, Song Gangbing. EMI based multi-
bolt looseness detection using series/parallel multi-sensing tech-
nique[J]. Smart Structures and Systems, 2020, 25(4): 423-432.
Sidorov M, Nhut P V, Matsumoto Y, et al. LoRa-based precision
wireless structural health monitoring system for bolted joints in a
smart city environment[J]. IEEE Access, 2019, 7: 179235-179251.
VIZEH, B, 587, 5 1 1E 321X 90 09 B A8 SR
b ¥ 2 B0 A AR 107, H B, 2018, 44(6): 129-133.

Xu Yiqing, Yang Xiaoxiang, Wei Tieping, et al. Optimization of
strain gauge structure parameters based on orthogonal test[J]. Chi-
na Measurement & Testing Technology, 2018, 44(6): 129-133. (in
Chinese)

Zhang Weifang, Zhang Meng, Lan Yudong, et al. Detection of
crack locations in aluminum alloy structures using FBG sensors[J].
Sensors, 2020, 20(2): 347.

Guo Yongxing, Li Cong, Zhou Xinglin, et al. Wide-range fiber
Bragg grating tilt sensor based on a cam structure[J]. IEEE Sensors
Journal, 2020, 20(9): 4740-4748.

Zhang Wenxin, Wang Tao, Yu Wei, et al. FBG-based loosening
angle measurement sensor for bolt looseness monitoring[J]. IEEE
Sensors Journal, 2025, 25(3): 4254-4260.

UMBL, AL 52, JUIE M, 45 BE TR A el A% B A 7O 2 RE 1R A%
FF & BB F 0] AR BR 5 44 %45, 2020(12): 10-15.

Shi Qi, Ren Liang, You Runzhou, et al. Development and applica-
tion of smart bolt based on FBG sensors[J]. Instrument Technique
and Sensor, 2020(12): 10-15. (in Chinese)

Herbst F, Chadda R, Peters J, et al. Sensor-integrating bolt for
multiaxial force measurement[J]. IEEE Sensors Journal, 2024,
24(17): 27265-27274.

Duan Chao, Zhang Hongying, Li Zhuoshu, et al. FBG smart bolts
and their application in power grids[J]. IEEE Transactions on In-
strumentation and Measurement, 2020, 69(5): 2515-2521.

A . B T O T 0 M Y W A A i M D) % RS B 5 [ D). 1K
DU BB R, 2023.

Yu Wei. Research on monitoring sensor of bolt loosening angle
based on FBG[D]. Wuhan: Wuhan University of Science and Tech-
nology, 2023. (in Chinese)

NI, MG, S, AF . — A RE TR TS T B A A
Ko MU 7oA B R 05k koA 3 i R R &
CN202411156758.4[P]. 2024-09-24.

(%h#k: K

%)


https://doi.org/10.13700/j.bh.1001-5965.2023.0739
https://doi.org/10.13700/j.bh.1001-5965.2023.0739
https://doi.org/10.3969/j.issn.1004-132X.2023.18.001
https://doi.org/10.3969/j.issn.1004-132X.2023.18.001
https://doi.org/10.3969/j.issn.1004-132X.2023.18.001
https://doi.org/10.3969/j.issn.1004-132X.2023.18.001
https://doi.org/10.16578/j.issn.1004.2539.2021.03.004
https://doi.org/10.16578/j.issn.1004.2539.2021.03.004
https://doi.org/10.3969/j.issn.1002-7300.2010.06.003
https://doi.org/10.3969/j.issn.1002-7300.2010.06.003
https://doi.org/10.3969/j.issn.1002-7300.2010.06.003
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.15986/j.1006-7930.2021.04.019
https://doi.org/10.3390/s16020168
https://doi.org/10.1155/2013/871213
https://doi.org/10.1155/2013/871213
https://doi.org/10.1155/2013/871213
https://doi.org/10.1590/1679-78254231
https://doi.org/10.1590/1679-78254231
https://doi.org/10.1109/ACCESS.2019.2958835
https://doi.org/10.11857/j.issn.1674-5124.2018.06.024
https://doi.org/10.11857/j.issn.1674-5124.2018.06.024
https://doi.org/10.11857/j.issn.1674-5124.2018.06.024
https://doi.org/10.3390/s20020347
https://doi.org/10.1109/JSEN.2020.2967088
https://doi.org/10.1109/JSEN.2020.2967088
https://doi.org/10.1109/JSEN.2024.3502622
https://doi.org/10.1109/JSEN.2024.3502622
https://doi.org/10.3969/j.issn.1002-1841.2020.12.003
https://doi.org/10.3969/j.issn.1002-1841.2020.12.003
https://doi.org/10.3969/j.issn.1002-1841.2020.12.003
https://doi.org/10.1109/JSEN.2024.3427833
https://doi.org/10.1109/TIM.2019.2947995
https://doi.org/10.1109/TIM.2019.2947995
https://doi.org/10.1109/TIM.2019.2947995

	1 盲腔螺栓拧紧技术需求
	2 盲腔螺栓拧紧工艺
	2.1 止口压装工艺
	2.2 螺栓拧紧工艺
	2.2.1 力矩转角法
	2.2.2 多轴拧紧法


	3 盲腔螺栓拧紧装备
	3.1 拧紧装备构型
	3.1.1 力矩传递方式
	3.1.2 拧紧机构展开方式
	3.1.3 拧紧装备整体构型

	3.2 拧紧装备精度控制方法
	3.2.1 盲腔螺栓定位方法
	3.2.2 拧紧精度控制方法


	4 螺栓拧紧检测技术
	4.1 拧紧力矩和转角的检测
	4.2 螺栓预紧力的检测

	5 总结与展望
	5.1 总　结
	5.2 展　望

	参考文献

